INTRODUCTION
The current concept of the bacterial species -a 'genomically coherent' group of strains that share many common traits (Rosselló -Mora & Amann, 2001 ) -rests squarely on the availability of reliable techniques to quantify the relatedness of bacterial genomes. Although many such techniques exist [for a recent review, see Gürtler & Mayall (2001) ], analysis of DNA-DNA hybridization values remains the 'gold standard' for defining bacterial species (Wayne et al., 1987; Stackebrandt et al., 2002) . Techniques required to obtain these values, however, tend to be expensive and timeconsuming and often require specialized instruments or radioactive labels (Johnson, 1994) . Furthermore, as many parameters affect DNA-DNA reassociation, hybridization values may be difficult to reproduce in different laboratories.
An alternative approach to quantification of genome relatedness is to compare selected DNA sequences for a group of bacterial strains. The core technology for this method, DNA sequencing, is relatively rapid and inexpensive, highly reproducible and readily available to virtually any research group through specialized sequencing centres. Databases of gene sequences and computer applications to compare them are, likewise, freely available. For these reasons, DNA sequence analysis has taken an increasingly important role in taxonomic studies in recent years.
The bacterial species concept, however, requires that entire genomes are compared. If sequence analysis is to augment, or even replace, DNA-DNA hybridization in defining species, it is paramount that taxonomists identify genes that can represent whole genomes reliably for the purposes of comparison. Recently, an ad hoc committee for the re-evaluation of the species definition in bacteria issued a call for identification of a set of such genes (Stackebrandt et al., 2002) . The committee's consensus was that analysis of at least five genes of diverse chromosomal loci and wide distribution could provide sufficient information to distinguish a bacterial species from related taxa. Once a species was defined in this way, sequence information from a single member of this gene set may be enough to assign additional strains to the species (Stackebrandt et al., 2002) .
It is an open question how much information any given gene sequence can provide about the genome that contains it. Sequence differences between related organisms within a given gene are presumably due to slow, continual acquisition of random mutations, which are subject to selection and inherited vertically. Differences seen in whole-genome comparisons, however, are the sum of this vertical inheritance and any number of horizontal transfer events that involve simultaneous acquisition of many genes through transformation, conjugation or bacteriophage infection. Genome reduction through gene inactivation and deletion further complicates the picture. The relative rates of these factors -random mutation, horizontal transfer and genome reduction -are poorly understood.
The goal of the current study is to obtain statistical evidence that individual gene sequences diverge at a rate that reflects the overall rate of genome divergence and to identify genes that could best serve as predictors of genome relatedness. Publicly available bacterial genome sequences were used to identify over 30 genes that satisfy the ad hoc committee's criteria (Stackebrandt et al., 2002) . When closely related bacteria were compared, the frequency of identical residues in individual gene alignments correlated with the frequency of identical residues in whole-genome alignments with R 2 ¢0?9 for each of eight genes from this set. The highestscoring sequence from the set, recN, could be used to predict whole-genome relatedness with high accuracy for a test set of 44 bacterial genomes. Combining data from two or three genes could further refine this prediction. It appears that a small number of carefully selected gene sequences can indeed equal, or perhaps even surpass, the precision of DNA-DNA hybridization for quantification of genome relatedness.
METHODS
Genomic sequence data. All genomic sequences analysed in this study were obtained from publicly available databases. GenBank accession numbers for the complete but unannotated Neisseria gonorrhoeae and Bacillus anthracis genomes are AE004969 (available at ftp://ftp.genome.ou.edu/pub/gono/) and AAAC01000001, respectively. Sequences for Bordetella bronchiseptica RB50, Bordetella parapertussis 12822, Bordetella pertussis Tahoma 1, Chlamydophila abortus, Corynebacterium diphtheriae NCTC 13129, Mycobacterium bovis AF2122/97, Neisseria meningitidis FAM18 and Yersinia enterocolitica 8081 were obtained from the Sanger Institute microbial genomes site (http://www.sanger.ac.uk/Projects/Microbes/). All other sequences were downloaded from the NCBI microbial genomes site (http://www.ncbi.nlm.nih.gov/PMGifs/Genomes/micr.html). Individual gene sequences were obtained from the genomic sequences, following confirmation through BLAST analysis of their uniqueness within the genome and their high sequence similarity (P<10
26
) to their Escherichia coli K-12 and Bacillus subtilis 168 orthologues.
Individual gene and whole-genome alignments. For calculating DNA sequence identity for individual genes, sequences obtained from related organisms were aligned with CLUSTAL W and a distance matrix was computed (Thompson et al., 1994) . Pairs of whole genomes were aligned by using the NUCMER application (Delcher et al., 2002) with the following parameters: breakLen=500, minCluster=40, diagFactor=0?15, maxGap=250 and minMatch=12. To ensure that the algorithm found all possible alignments, each pair was analysed twice with the reference and query files swapped. The resulting output files, giving the coordinates of regions of sequence similarity between the two genomes, were combined and duplicate regions were removed from the list. When two neighbouring regions shared overlapping end-points, the common segment was divided equally between them. Two similarity estimates were calculated from each genomic sequence comparison. DNA sequence identity for conserved regions was calculated as the mean sequence identity of the homologous regions, weighted by each region's length in nucleotides. DNA sequence identity for a pair of whole genomes was calculated by multiplying the sequence identity of their conserved regions by the ratio of the net length of the conserved regions to the mean length of the two genomes.
Statistical analysis. Univariate linear regression models were used to assess the predictive ability of sequence identities for each individual gene with respect to sequence identities for whole-genome alignments.
Step-wise linear regression procedures were used to find the subset of genes that best predicted the whole-genome alignment. Prediction intervals were calculated and the upper/lower limits of these intervals were used to determine the cut-point for the desired 70 % alignment.
RESULTS AND DISCUSSION
DNA sequence identity between related bacterial genomes Among publicly available bacterial genome sequences are several groups of organisms that are related at the genus or species level. At the beginning of this study (in July 2002), 44 genomes that could be grouped into 16 genera were identified (Table 1) . It was known that the genera Escherichia, Salmonella and Shigella were highly related (Brenner et al., 1969 (Brenner et al., , 1972 Crosa et al., 1973) , so they were treated as if they belonged to a single genus. Genome sequences within each of the 16 groups were aligned in pairwise fashion by the NUCMER application (Delcher et al., 2002) as described in Methods. These alignments identified two sets of sequences, those conserved between both genomes and those unique to each genome. The first set would primarily include elements of the ancestral genome that have been inherited vertically by both species. DNA sequence identity of these conserved regions can be quantified (Table 1) , providing an index of the degree of genome divergence that can be explained by random mutation and selection. DNA sequence identity for whole-genome sequences can also be quantified to measure divergence due to all processes, including vertical and horizontal transfer and genome reduction (Table 1) .
It is encouraging that the whole-genome sequence identity figures calculated in this study correlate well with available genome similarity measurements obtained by DNA-DNA hybridization. For example, Brenner et al. (1972) and Crosa et al. (1973) obtained similarity estimates for Salmonella typhimurium with Salmonella typhi (88 %), E. coli (45-46 %) and Shigella flexneri (38-39 %) and for E. coli with Shigella flexneri (84 %). Among the Chlamydiaceae, similarity estimates for Chlamydia muridarum with Chlamydia trachomatis (65 %) (Weiss et al., 1970) and among various strains of Chlamydophila pneumoniae (94-100 %) (Fukushi & Hirai, 1989) were also comparable with the estimates in this study. Finally, Somerville & Jones (1972) measured no detectable competition between Bacillus subtilis and Bacillus anthracis genomic DNA under conditions in which Bacillus anthracis competed with other members of the Bacillus cereus group at levels from 59 to 100 %. Whilst these hybridization studies were conducted by differing protocols, the fact that they yielded similar results to those found in Table 1 suggests that DNA-DNA hybridization studies and whole-genome alignments are measuring the same quantity, i.e. sequence identity, by compatible methods.
These data allow us to estimate how well one factor involved in genome divergence -random mutation within vertically transferred genetic material -correlates with total divergence between pairs of genomes. Univariate regression analysis of whole-genome sequence identity with respect to conserved-region sequence identity (Fig. 1a) showed an excellent fit to the linear model (P<0?001, R 2 =0?871). The Table 1 . DNA sequence comparisons for related bacterial genomes 'Grouping' indicates the genera (or in the case of Escherichia, Shigella and Salmonella, the closely related genera) used to group the sequences for alignment studies. Genomes within each group were aligned in pairwise fashion by using the NUCMER application, as described in Methods. 'Conserved-region' and 'whole-genome' DNA sequence identity scores are described in the text. simplest interpretation of this result is that during bacterial speciation, the various forces that change genome sequence content act at discrete rates in a time-dependent manner. As a result, the ratio between sequence differences in conserved regions and overall genome sequence differences remains fairly constant, at least while the bacteria are related as closely as those analysed here. This interpretation, if true, means that the proposal of Stackebrandt et al. (2002) is quite reasonable: a rational definition of bacterial species could be based on sequence analysis of a set of conserved genes. If the relatedness of whole genomes can be measured by examining the subset of genes they share, then a small but representative set of shared genes should successfully predict genome relatedness.
DNA sequence identity between individual gene orthologues
Candidate genes for a 'species prediction set' were identified from these bacterial genomes by applying four criteria that were consistent with the overall goal of this study: to develop a practical tool for bacterial taxonomy. First, the genes must be widely distributed among genomes, with orthologous sequences appearing in most, if not all, freeliving bacteria. Secondly, because the occurrence of gene families could make sequencing and alignment technically difficult, each of the 'prediction set' genes must be unique within a given genome, without close paralogues that could confuse analysis. Thirdly, individual gene sequences must be long enough to contain phylogenetically useful information but short enough to be sequenced economically with a small set of primers. Finally, the sequences must predict whole-genome relationships with acceptable precision and accuracy. The first criterion was satisfied by preliminary genome comparisons among the bacteria listed in Table 1 , which yielded a pool of over 100 candidate genes (not shown). BLAST searches eliminated candidates that had close paralogues within one or more of the genomes. Sequences that encoded merely hypothetical proteins were also struck from the list, as were those that were deemed to be shorter (<900 bp) or longer (>2250 bp) than optimum. The 32 candidate genes that remained after application of these criteria are listed in Table 2 . The 16S rRNA gene, although it does not encode a protein, was added to the list of candidates because of its wide usage in taxonomic studies.
It remained to be determined which of the candidate genes best satisfied the final criterion by predicting wholegenome relationships. For each gene listed in Table 2 , orthologous sequences from each of the genomes were divided into genus groups (listed in Table 1 ). Sequences within each group were analysed following multiple alignment to compute a distance matrix that quantified sequence identity. Therefore, for each genome comparison, there was a sequence identity score for the whole genomes as well as 33 identity scores for individual genes. A spreadsheet listing sequence identity scores for all candidates with each genome comparison is available as supplementary data in IJSEM Online. These sequence identity scores were analysed by linear regression to determine which gene comparison could best predict genome relatedness.
For each gene, the plot of genome sequence identity versus individual gene sequence identity fit a linear model with P<0?01. Goodness of fit varied widely among the candidate genes, with R 2 values ranging from 0?536 to 0?965. Eight of the genes had an R 2 value of 0?9 or better, making them outstanding candidates for a 'species prediction' sequence set ( Table 2 ). The individual candidate gene with the poorest ability to predict genome relatedness on a genus or species level was 16S rDNA, the gene that encodes 16S rRNA (Fig. 1b) ; as others have noted (Fox et al., 1992; Stackebrandt & Goebel, 1994) , it is simply too highly conserved to differentiate reliably between closely related taxa. The candidate gene with the greatest potential for predicting genome relatedness at the genus or subgenus level was recN (Fig. 1c) , a recombination and repair protein-encoding gene that is found in each of the freeliving bacterial genomes analysed, as well as in the two Rickettsia species. Among genes found in every bacterial genome analysed, the highest-scoring candidate was dnaX, a gene that encodes two subunits of DNA polymerase III. Whilst recN is slightly superior to dnaX in terms of fit to whole-genome data (R 2 , 0?965 and 0?943, respectively), the latter sequence may prove to be particularly useful in analysis of taxa characterized by genome reduction.
A parallel study analysed amino acid sequence identities of the predicted products for each of the candidate genes (not shown). In each case, the gene sequences showed a better fit to genome relatedness than the predicted protein sequences. Whilst protein sequences have often been analysed to compare distantly related organisms or ancient gene duplications (Brown et al., 2001; Delcher et al., 2002) , DNA sequences may be more useful for distinguishing close phylogenetic relationships. This 'bacterial species prediction' set differs from sequence sets that were assembled for the purpose of constructing universal phylogenetic trees (Brown et al., 2001) . The purpose of those studies is to detect relationships among very distantly related organisms at the domain level, whereas the purpose of the current study is to distinguish between closely related organisms at the species level. Many of the highest scoring sequences in Table 2 have no known orthologues outside bacteria and so cannot be used to construct universal trees. Further, the practical aims of the current study impose selection criteria that would be unnecessary in a universal tree study, such as moderate gene length and absence of close paralogues. Nevertheless, there is some overlap, including certain tRNA synthetases and DNA and RNA polymerase subunits, between the bacterial 'species prediction' set developed in this study and the 'universal tree' set of Brown et al. (2001) .
Predictive models
Linear regression analysis yielded simple predictive models for high-scoring candidates. Genome relatedness for two related bacterial strains can be predicted by the following formula:
where SI genome is the predicted DNA sequence identity shared by the genomes and SI recN is the sequence identity shared by their recN orthologues. The actual genome sequence identity is plotted against the recN prediction in Fig. 2(a) for each of the genomes listed in Table 1 . The Fig. 2 . Linear regression analysis of whole-genome sequence identity scores versus scores predicted based on the models described in the text for (a) recN; (b) recN and thdF; and (c) recN, thdF and rpoA.
prediction is surprisingly powerful: it fits a linear model with P<0?001 and R 2 =0?965. The mean absolute residual (i.e. the mean difference between the predicted and actual genome sequence identity) is only 0?044. Similar results (not shown) were obtained by using dnaX sequences with the following formula:
A 95 % prediction interval can be obtained from the recN prediction formula above. Based on these results, one can make the following conclusions: if the recN DNA sequences for two bacterial strains or isolates are <84 % similar, we can be 95 % confident that their genome sequences are <70 % similar and that the bacteria belong to different species. If the recN DNA sequences are >96 % similar, then by the same reasoning, we can be 95 % confident that the bacteria belong to the same species. If the recN sequences are between 84 and 96 % similar, it is questionable whether the genome sequence identity is greater than or less than 70 %, making the species identity for these strains uncertain.
Step-wise linear regression procedures were used to determine whether inclusion of sequence data from other candidate genes improved the predicting power of recN. The results suggest that the best two-gene combination (that is, the combination with the highest R 2 value) was recN and thdF, which encodes a thiophene oxidation enzyme (Fig. 2b) , whereas the best three-gene combination was recN, thdF and rpoA, which encodes the RNA polymerase a-subunit (Fig. 2c) . Interestingly, the best sets used a combination of genes that were highly (rpoA), moderately (thdF) and weakly (recN) conserved. Prediction models resulting from this analysis were:
where SI genome is the predicted DNA sequence identity shared by the genomes and SI recN , SI thdF and SI rpoA are the sequence identities shared by the recN, thdF and rpoA orthologues, respectively. For the two-and three-gene models, R 2 values improved to 0?986 and 0?989, respectively, and the mean absolute residuals improved to 0?032 and 0?026, respectively.
Bacterial genome sequences continue to become available in increasing numbers. Following the statistical modelling phase of this study, public databases were re-examined for new whole-genome sequences that either fit within the genus groups analysed before or defined new groups. Several new comparisons were possible, serving as a test of the validity of the predictive models (Table 3 ). The genomes were analysed as before and for each genome pair, sequence identity scores were computed for whole genomes and for the predictor genes recN, thdF and rpoA. The single-, twoand three-gene sets predicted whole-genome sequence identity with mean residual values of 0?049, 0?032 and 0?040, respectively. This second test set of comparisons yielded results that were completely in harmony with those of the first set of comparisons. In conclusion, the hypothesis that sequences from proteinencoding genes can predict genome relatedness accurately is supported strongly by these studies. Before conducting full-scale studies based on these concepts, however, researchers should keep at least two cautions in mind. First, these results are based on a limited number of bacterial species; as additional genome data become available, the statistical models presented in this paper will doubtless require refinement. Secondly, it is certainly possible that within a given genus, phylogenies constructed by using a small number of genes can be perturbed radically if horizontal transfer has occurred among those genes. Nevertheless, the results in this paper demonstrate that analysis of even a single carefully selected gene, such as recN or dnaX, could be a powerful tool for discriminating between species represented among a large group of bacterial isolates. Clearly a set of 'species predictor' genes has superior precision when compared to a single predictor gene, but there is a diminishing degree of improvement as each new sequence is added. The five-gene set envisioned by Stackebrandt et al. (2002) may be more genes than are actually required to equal or even surpass the power of DNA-DNA reassociation in assigning related bacterial isolates to species.
